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Delivery of raft-associated,

GPIl-anchored proteins

to the apical surface of polarized MDCK cells by

a transcytotic pathway

Roman Polishchuk!2, Alessio Di Pentima? and Jennifer Lippincott-Schwartz!>

Epithelial cell polarity depends on mechanisms for targeting proteins to different plasma membrane domains. Here, we dissect
the pathway for apical delivery of several raft-associated, glycosyl phosphatidylinositol (GPI)-anchored proteins in polarized
MDCK cells using live-cell imaging and selective inhibition of apical or basolateral exocytosis. Rather than trafficking directly
from the trans-Golgi network (TGN) to the apical plasma membrane as previously thought, the GPl-anchored proteins followed an
indirect, transcytotic route. They first exited the TGN in membrane-bound carriers that also contained basolateral cargo,
although the two cargoes were laterally segregated. The carriers were then targeted to and fused with a zone of lateral plasma
membrane adjacent to tight junctions that is known to contain the exocyst. Thereafter, the GPl-anchored proteins, but not
basolateral cargo, were rapidly internalized, together with endocytic tracer, into clathrin-free transport intermediates that
transcytosed to the apical plasma membrane. Thus, apical sorting of these GPI-anchored proteins occurs at the plasma

membrane, rather than at the TGN.

Epithelial cells have apical and basolateral plasma membrane domains
with differing protein compositions and absorptive/secretory activi-
ties. Separated by tight junctions, the polarized domains utilize sophis-
ticated sorting and trafficking machinery to be generated and
maintained. As a result, newly synthesized proteins are transported to
polarized surfaces by a direct or indirect route!™. In the direct path-
way, TGN-derived carriers are targeted selectively to apical or basolat-
eral domains’. In the indirect pathway, however, transport
intermediates undergo transcytosis from one plasma membrane
domain to another?. Establishing which proteins are transported by
each pathway is the subject of continuing investigations®.

Within each pathway, specific sorting machinery is essential. Apical
sorting machinery recognizes signals that are found in either the trans-
membrane domain or ectodomain of a protein. These include N- and
O-linked glycans®’, as well as GPI- and transmembrane-anchors®’.
Accumulating evidence suggests that these signals help sequester apical
proteins into glycosphingolipid-cholesterol-rich domains, or ‘rafts),
found in the plasma membrane and the TGN®. The basolateral sorting
machinery, however, recognizes signals found in the cytoplasmic tail of
a protein!®!1. These signals interact with distinct molecular subunits
of adaptor complexes, such as the u1B subunit of the adaptor protein 1
(AP-1) complex!2.

It is unclear at what transport step(s) the basolateral and apical
sorting signals on proteins are recognized and acted on. Basolateral
sorting machinery is found on both the TGN and endocytic mem-
branes, and could therefore operate at either location'?~!4. Similarly,

protein partitioning into lipid raft domains, which is important for
some types of apical sorting, can occur at either the TGN or the cell
surface®!>, and when it occurs at the plasma membrane it can result in
selective uptake of proteins!®~18, Live-cell imaging represents a promis-
ing approach for determining where these sorting events occur.

In non-polarized cells, live-cell imaging has revealed that newly syn-
thesized apical and basolateral cargos cluster in the TGN into large
domains that bud off as carriers'®=23, and that GPI-anchored proteins
are laterally segregated from basolateral cargo in the TGN?C. Together
with previous biochemical findings, this has been interpreted to mean
that lateral partitioning into rafts at the TGN results in direct targeting
of GPI-anchored proteins to apical membranes?’. However, this does
not take into account the recent finding that GPI-anchored proteins
undergo constitutive uptake from and recycling back to the plasma
membrane!®!7. Such dynamic behaviour offers the alterative possibil-
ity of indirect trafficking to different plasma membrane domains, as
observed in polarized hepatic cells'®2*,

Here, we investigate the pathway that GPI-anchored proteins follow
en route to the apical domain of polarized MDCK cells. Employing a
variety of methods for distinguishing between direct and indirect tar-
geting pathways, we show that newly synthesized GPI-anchored pro-
teins are first delivered to basolateral membranes adjacent to tight
junctions and are then internalized by a non-clathrin pathway to the
apical plasma membrane. This suggests the primary site for apical sort-
ing of the GPI-anchored proteins is the lateral plasma membrane,
rather than the TGN.
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Figure 1 Apical and basolateral markers in polarized MDCK cells. (a) A
schematic representation of fluorescent apical and basolateral markers
used in this study. (b) MDCK cells grown on filters were transfected with
VSV-G-CFP, GPI-YFP or p75-GFP and stained with an antibody against
occludin. Confocal sections revealed that VSV-G-CFP is enriched at the

RESULTS

GFP-tagged apical and basolateral markers

As apical cargos, we used the raft-associated'®?° GPI-anchored proteins,
GPI-YFP (yellow fluorescent protein), GPI-glycan—YFP (GPI-GL-YFP)
and CD59-YFP!®, or the non-raft protein, p75-GFP*>?* (Fig. 1a). As
basolateral markers, we used the ts045-temperature sensitive mutant of
vesicular stomatitus virus G protein, VSV-G, with?? or without?> a spacer
sequence, and tagged with CFP (that is, VSV-G-CFP and VSV-
G-sp—CFP; Fig. 1a). VSV-G-CFP (Fig. 1b) and VSV-G-sp—CFP (data
not shown) were localized only on basolateral membranes in polarized
MDCK cells, whereas GPI-YFP (Fig. 1b), GPI-GL-YFP (see
Supplementary Information, Fig. S1), CD59-YFP (data not shown) and
p75—-GFP (Fig. 1b) were enriched on apical membranes. Addition of
phosphatidylinositol-specific phospholipase C (PI-PLC; which digests
GPI anchors) abolished the fluorescent signal of GPI-YFP (Fig. 1b),
indicating that the chimaera functioned as a GPI-anchored protein. The
GFP-tagged markers are therefore sorted and targeted correctly in polar-
ized cells.

Golgi-to-plasma-membrane trafficking of GPI-YFP and VSV-
G-CFP in non-polarized cells

When VSV-G-CFP and GPI-YFP were co-expressed in non-polarized
HeLa, COS-7 or MDCK cells, globular-tubular-shaped post-Golgi car-
riers (PGCs) containing both fusion proteins were observed budding
from the TGN when cells were shifted from 20 °C (which causes pro-
teins to accumulate in the TGN?®) to 32 °C (which allows protein

Cytoplasm
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treatment

lateral surfaces of the cells, below tight junctions (arrows), whereas
GPI-YFP and p75 are concentrated at the apical portion of the plasma
membrane. PI-PLC treatment significantly decreased the amount of
GPI-YFP at the apical surface. Scale bar represents 6.2 um for all
panels.

export from the TGN). This was observed in single images, where the
two proteins often appeared in segregated domains within the same
element (Fig. 2a, inset), or in time-lapse sequences (see Supplementary
Information, Movie la—c). The yellow tracks, indicative of co-localized
VSV-G-CFP and GPI-YFP fluorescence, were observed either in non-
motile cells, which displayed curvilinear tracks (Fig. 2e, left), or in cells
that had re-oriented towards a wound, which showed tracks preferen-
tially directed toward the leading edge of the cell (Fig.2e, right).
Analysis of corresponding electron (Fig.2b, ¢) and fluorescence
(Fig. 2a) images by correlative light-electron microscopy?’ showed that
an individual PGC containing GPI-YFP and VSV-G-CFP (see arrow
and arrowhead in Fig. 2b, ¢) represented a single tubular carrier rather
than a chain of small vesicles. VSV-G—CFP and GPI-YFP remained co-
localized in PGCs until these structures fused with the plasma mem-
brane, at which time fluorescence from both proteins quickly dispersed
across the plasma membrane (Fig.2f; also see Supplementary
Information, Movies 1c and 2a, b).

To test whether other VSV-G constructs (VSV-G—sp—CFP) and GPI-
linked proteins (GPI-GL-YFP and CD59-YFP) behaved similarly to or
differently from VSV-G-CFP and GPI-YFP, we co-expressed them
pair-wise in non-polarized cells and visualized their trafficking during
warm-up from a 20 °C block. In all cases, a large fraction of the co-
expressed proteins exited the TGN in common carriers (see
Supplementary Information, Fig. S1). Taken together, the data suggest
that in these non-polarized cells, VSV-G and GPI-anchored proteins
travel in the same carriers from the Golgi to the plasma membrane.
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Figure 2 Exit of VSV-G and GPI from the Golgi complex. (a) Cells co-expressing
VSV-G-CFP and GPI-YFP (which contains the Myc epitope) were incubated for
4 h at 40 °C, followed by 2 h at 20 °C to accumulate these markers in the
TGN. Cells were then shifted to 32 °C and observed by confocal microscopy
before fixation. The cell shown was fixed when one PGC was forming
(arrowhead) and another had already detached from the Golgi (arrow),
approximately 10 min after warm-up. An enlarged image of the detached PGC
(inset) reveals that VSV-G-CFP (empty arrow) and GPI-YFP (empty arrowhead)
are segregated into distinct domains. (b) The cell from a was immunogold
labelled using an antibody to the Myc epitope in GPI-YFP, prepared and cut
into serial sections. The same attached and free post-Golgi structures in a,
indicated by the arrow and arrowhead, respectively, were identified (white
boxes). (c) The enlarged image of the area within the large white box in b
shows the complex tubular morphology of a PGC emerging from the Golgi.

(d) An enlarged image of the area within the small box in b. Note the unequal
distribution of gold labelling along the tubule, with more particles at the ends

Characteristics of VSV-G-CFP and GPI-YFP transport

As a previous study?® reported that VSV-G-YFP and GPI-CFP sort
into separate PGCs, further experiments were performed to clarify
Golgi-to-plasma membrane transport of these proteins. In one experi-
ment, we studied the effect of inhibiting detachment of transport inter-
mediates from the TGN through expression of a kinase-dead mutant of
protein kinase D (PKDXO!8N (ref, 28); Fig. 3). Cells were transfected
with VSV-G—CFP, GPI-YFP, and either wild-type or mutant PKD. They
were then incubated at 20 °C to accumulate the proteins in the TGN
before warming to 32 °C and analysis by dual-colour imaging. Normal
packaging of VSV-G-CFP and GPI-YFP into PGCs and delivery to the
plasma membrane were observed in cells expressing wild-type PKD
(data not shown). However, these processes were inhibited in
PKDK618N—expressing cells, with the two markers found colocalized in
elongated tubules still attached to the Golgi (Fig. 3a). This indicates
that PKD activity is required for nascent transport intermediates con-
taining VSV-G and GPI-anchored proteins to detach from the TGN.

(arrowheads) when compared with the middle of the tubule (arrow). (e) HelLa
cells were transfected with VSV-G-CFP (red) and GPI-YFP (green), incubated
for 4 h at 40 °C, followed by 2 h at 20 °C to accumulate both markers in the
TGN. They were then observed at the confocal microscopy stage after shifting
to 32 °C. Shown is a merged time-lapse sequence from a non-polarized cell
(3-s intervals collected over 3 min, left; also see Supplementary Information,
Movie 1a) and a cell migrating into a wound (3-s intervals collected over

1.5 min, right; also see Supplementary Information, Movie 1b). The presence
of yellow tracks (see arrows and arrowheads) suggests that VSV-G-CFP and
GPI-YFP move in common carriers. (f) Cells were treated and observed as in e.
Time-lapse images from a small area at the periphery of a cell were collected.
The data reveal the dispersal of the fluorescent signal for both VSV-G-CFP and
GPI-YFP when the post-Golgi intermediates carrying these proteins fuse with
the plasma membrane (see arrows). Time is indicate in hours, minutes and
seconds. Scale bar represents 3.1 um in a, 2.4 um in b, 660 nm in ¢, 480 nm
ind, 6.2umine,and 3.5 umin f.

Because VSV-G-CFP and GPI-YFP remained segregated as distinct,
micron-sized domains within the nascent intermediates (Fig. 3b), lat-
eral partitioning of VSV-G-CFP and GPI-YFP in the TGN occurs
independently of PKD.

In a different experiment, we investigated whether VSV-G—-CFP and
GPI-YFP remain localized in PGCs when fusion with the plasma
membrane is inhibited by microinjection of mutant a.SNAP protein®’,
whose expression inhibits fusion at the plasma membrane®®. Non-
polarized cells co-expressing VSV-G—CFP and GPI-YFP at 20 °C were
microinjected with the aSNAP mutant and then shifted to 32 °C. Only
in microinjected cells was delivery to the plasma membrane inhibited,
with VSV-G-CFP and GPI-YFP co-localizing in numerous small carri-
ers at the cell periphery (Fig. 4a, left-hand cell). Quantification revealed
that virtually every carrier contained significant amounts of both VSV-
G-CFP and GPI-YFP (Fig. 4b).

Membrane fusion was also blocked with tannic acid, a cell-imperme-
able fixative’! used previously to prevent secretory granule exocytosis
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Figure 3 VSV-G-CFP and GPI-YFP localize within the same PGC
precursors. Hela cells expressing PKDX618N were transfected with VSV-
G-CFP and GPI-YFP, incubated at 40 °C for 4 h and then at 20 °C for

2 h to accumulate both markers in the TGN. Cells were then warmed to
32 °C and observed by confocal microscopy. Two examples of expressing

and endocytosis®!. Tannic acid blocked plasma membrane fusion of
PGCs containing VSV-G-CFP (Fig. 4d, e; also see Supplementary
Information, Movie 3a), with no effect on ER-to-Golgi trafficking of
VSV-G-CEFP (see Supplementary Information, Movie 3b) or on short-
term cell viability. To analyse the effect of tannic acid on VSV-G-CFP
and GPI-YFP distribution, non-polarized MDCK cells co-expressing
these proteins were incubated at 20 °C to accumulate the proteins in
the TGN and then shifted to 32 °C for 1 h in the presence or absence of
tannic acid. In untreated cells, both proteins were efficiently delivered
to the plasma membrane (Fig. 4c), whereas in tannic-acid-treated cells
the proteins co-localized in PGCs that had accumulated at the cell
periphery (Fig. 4d). Quantification demonstrated that in tannic-acid-
treated cells, virtually all GPI-YFP-containing PGCs also contained
VSV-G-CFP fluorescence, and vice versa (Fig. 4f). Similar results were
observed in MDCK cells expressing either CD59-YFP and VSV-G-CFP
(Fig. 4e, g), or GPI-GL-YFP and VSV-G-sp—CFP (data not shown).
Thus, VSV-G-CFP and GPI-anchored proteins remain co-localized in
PGCs when fusion with the plasma membrane is inhibited.

Use of tannic acid to dissect VSV-G-CFP and GPI-YFP
trafficking in polarized cells

Because tannic acid inhibits plasma membrane fusion within seconds
of treatment and does not pass through tight junctions (see below), it
can be added selectively to different polarized domains, making it suit-
able as a tool for preferentially inhibiting fusion of membrane-bound
carriers at either apical or basolateral domains. Therefore, we used tan-
nic acid to investigate the trafficking itinerary of VSV-G-CFP and
GPI-YFP in polarized MDCK cells.

We focused first on the effect of tannic acid on VSV-G-CFP traffick-
ing. In untreated cells, VSV-G—CFP molecules were delivered efficiently
from the Golgi (Fig. 5a) to the lateral plasma membrane (Fig. 5b)
within 45 min of warm-up from a 20-°C block. However, when tannic
acid was added to the basolateral medium to inhibit basolateral exocy-
tosis, no plasma membrane delivery of VSV-G-CFP occurred (Fig. 5¢).

GPI-YFP

cells are shown (a and b). Arrows point to tubule elements still attached
to the TGN as a result of expressing the PKD mutant. These elements
contain both VSV-G-CFP and GPI-YFP, with the two markers showing
areas of lateral segregation (b, arrows and arrowhead). Scale bar
represents 3.5 um.

Instead, PGCs enriched in VSV-G—CFP were observed near the ring of
tight junctions surrounding the cell. In contrast, when tannic acid was
added to the apical medium, VSV-G-CFP was readily delivered to lat-
eral membranes and no PGCs containing VSV-G-CFP accumulated
(Fig. 5d).

We next examined the effect of tannic acid on trafficking of
GPI-YFP (Fig. 5e-h). In untreated cells, the Golgi-localized GPI-YFP
pool (Fig. 5e) readily redistributed to the apical plasma membrane
after warm-up from a 20 °C block (Fig. 5f). However, when tannic acid
was added to the basolateral medium to inhibit basolateral exocytosis
(Fig. 5g), apical delivery of GPI-YFP was completely inhibited, with
GPI-YFP retained in numerous small transport intermediates located
in the plane adjacent to tight junctions. When tannic acid was added
selectively to the apical surface (Fig.5h), GPI-YFP molecules also
failed to be delivered to apical membranes at 32 °C, but the transport
intermediates that accumulated were larger than those observed after
addition of tannic acid to the basolateral medium, and they were more
abundant in xy planes above tight junctions.

To determine if the polarized transport of VSV-G-CFP and
GPI-YFP intersect at any step, the effect of tannic acid in cells co-
expressing these proteins was examined (Fig. 6a—g). Addition of tannic
acid to the basolateral medium led to both proteins accumulating in
the same carriers adjacent to tight junctions when cells were shifted
from 20 °C to 32 °C for either 45 min or 90 min (Fig. 6c¢, f). When tan-
nic acid was added to the apical medium, however, VSV-G-CFP redis-
tributed throughout basolateral membranes, whereas GPI-YFP
accumulated in carriers above the zone of tight junctions (Fig. 6d, g).

These results suggested that after export from the TGN, GPI-anchored
proteins and VSV-G—CFP are transported in common carriers to a zone
of lateral membrane adjacent to tight junctions. After fusion of the car-
rier with plasma membrane at this site, VSV-G-CFP and GPI-anchored
proteins undergo rapid segregation, with VSV-G-CFP redistributing
throughout basolateral membranes and GPI-anchored proteins inter-
nalizing into apically directed transport intermediates.
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Figure 4 Tannic acid treatment identifies VSV-G-CFP and GPI-YFP in the
same post-Golgi carriers. (a) Non-polarized MDCK cells expressing VSV-
G-CFP and GPI-YFP were microinjected with the L249A a-SNAP mutant
(mixed with TRITC—dextran) during incubation at 20 °C to accumulate the
proteins in the TGN. Cells were then shifted to 32 °C for 45 min, fixed
and observed by confocal microscopy. The microinjected cell (left)
accumulated PGCs containing both VSV-G-CFP and GPI-YFP, whereas in
the non-injected cell (right), both proteins were efficiently delivered to
plasma membrane. (b) Intensities of VSV-G-CFP and GPI-YFP
fluorescence were quantified within individual PGCs in MDCK cells

To determine whether non-raft-associated, apical proteins targeted
similarly to or differently from GPI-YFP, we investigated the behaviour
of p75-GFP after release from a 20-°C block in polarized MDCK cells
(Fig. 5i-1). Delivery of p75—-GFP to apical domains was inhibited when
tannic acid was added to the apical medium. However, in contrast to
GPI-anchored proteins, apical delivery of p75—GFP still occurred when
tannic acid was added to the basolateral medium. This suggests that
p75 follows a direct route from the TGN to apical membranes in polar-
ized cells.

Characterization of GPI-YFP transcytosis

To characterize GPI-YFP transcytosis, we added horseradish peroxidase
(HRP) as transcytotic tracer to the basolateral medium of polarized
MDCK cells expressing GPI-YFP at 20 °C (Fig. 7a—c). After 45 min of
warm-up to 32 °C, many GPI-YFP-containing carriers contained HRP
(Fig. 7a). Evidence that such co-localization resulted from GPI-YFP
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injected with L249A a-SNAP, as in a. (c, d) MDCK cells transfected with
VSV-G-CFP and GPI-YFP were incubated at 40 °C for 4 h and then at 20
°C for 2 h to accumulate both proteins in the TGN. Cells were then
warmed to 32 °C for 45 min in the presence (d) or absence (c) of 0.5%
tannic acid, fixed and observed under the confocal microscope. (e) MDCK
cells expressing VSV-G-CFP and CD59-YFP were treated as in d and
observed by confocal microscopy. (f, g) Fluorescence intensities of VSV-
G-CFP and GPI-YFP (f) or VSV-G-CFP and CD59-YFP (g) were quantified
within individual post-Golgi carriers, as described as in d and e,
respectively. Scale bar represents 7.2 um in a, c—e.

being delivered to the basolateral plasma membrane and then being
internalized with HRP was obtained from experiments in which tannic
acid was added to the basolateral medium, causing membrane traffic at
basolateral membranes to be blocked. After shifting from 20 °Cto 32 °C
under these conditions, no uptake of HRP into cells was observed and
GPI-YFP resided in carriers that did not contain any HRP (Fig. 7b).
When tannic acid was instead added to the apical medium, HRP and
GPI-YFP co-localized in many intracellular structures (Fig. 7c).
Further support for transcytosis of GPI-YFP was obtained by adding
a Cy3-conjugated anti-Myc antibody (which recognizes the Myc tag
within GPI-YFP) to the basolateral medium of cells expressing
GPI-YFP. After 15 min on ice, cells were washed and placed in fresh
medium at 37 °C. Immediate imaging of cells revealed anti-Myc anti-
body staining only at basolateral membranes, where only small
amounts of GPI-YFP were located (Fig. 8a, b). After incubation of the
cells for 2 h at 37 °C, however, the antibody label was now redistributed
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Figure 5 Spatial organization of apical and basolateral marker transport in
polarized MDCK cells. (a-d) MDCK cells grown on filters were transfected
with VSV-G-CFP and incubated for 4 h at 40 °C and then for 4h at 20 °C to
accumulate the protein in the TGN (a). Cells were then warmed to 32 °C
under three different conditions: in the absence of tannic acid (b), or with
tannic acid (TA) added basolaterally (c) or apically (d). After 45 min at 32
°C, the cells were fixed, stained with anti-occludin antibodies and optically
sectioned by confocal microscopy. The top panels show xz sections of these
cells. The lower panels are xy images of lines (xy) shown in the top panel.
(e—h) MDCK cells grown on filters were transfected with GPI-YFP. The apical
medium was treated with PI-PLC to remove apical GPI-YFP and cells were
shifted to 20 °C for 4 h to accumulate the newly-synthesized protein in the
Golgi (e). The cells were warmed to 32 °C in the absence of tannic acid (f),

to the apical plasma membrane, where GPI-YFP was abundant (Fig.
8¢, d).

Transcytosis of GPI-YFP was also demonstrated by a biochemical
approach (Fig. 8e, f). PI-PLC was added to the basolateral medium to
remove GPI-YFP from basolateral membranes. After incubating for var-
ious times, the cells were washed and PI-PLC was added to the apical
medium to harvest GPI-YFP at the apical surface. If the pool of
GPI-YFP at the apical surface derives primarily from basolateral mem-
branes, then this protocol should cause a reduction in apical GPI-YFP
levels over time. Consistent with this prediction, western blot analysis of
GPI-YFP (Fig. 8¢) revealed that after 2 h, only 30% of GPI-YFP was
detected at the apical plasma membrane relative to control cells (Fig. 8f).

GPI-linked proteins are internalized at lateral membranes in
non-clathrin structures
The morphology of the transcytotic intermediates carrying GPI-YFP
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or with tannic acid added basolaterally (g) or apically (h). After 45 min at 32
°C, cells were then fixed, stained with anti-occludin antibodies and optically
sectioned by confocal microscopy. The top panels show xz sections of these
cells. The bottom panel shows an xy image of the line (xy) shown in the top
panel. (i-1) MDCK cells grown on filters were transfected with p75-GFP, and
after 2 h at 37 °C were shifted to 20 °C for 4h to accumulate the protein in
the Golgi (i). The cells were then warmed to 32 °C under three different
conditions: without tannic acid (j), with tannic acid added basolaterally (k)
or with tannic acid added apically (). After 45 min at 32 °C, the cells were
then fixed, stained with anti-occludin antibodies and optically sectioned by
confocal microscopy. The top panels show xz sections of these cells. The
bottom panel shows an xy image of the line (xy) shown in the top panel.
Scale bar represents 6 um in all panels.

to apical surfaces was examined by electron microscopy in GPI-YFP-
expressing cells in which HRP was added to the basolateral medium
during temperature shift from 20 °C to 32 °C (Fig. 7d). In addition to
being found in HRP-positive endocytic structures, GPI-YFP was fre-
quently found concentrated in grape-like profiles (characteristic of
caveolae) attached to the plasma membrane (Fig. 7d, arrowhead).
GPI-YFP labelling was never found in association with clathrin-coated
buds (Fig. 7d, arrow). Therefore, these results suggest that uptake of
GPI-YFP at lateral domains of MDCK cells occurs in a clathrin-inde-
pendent fashion.

DISCUSSION

GPI-anchored proteins have traditionally been thought follow a direct
pathway from the Golgi to the apical plasma membrane of polarized
MDCK cells. This model is based on the low abundance of these proteins
on the basolateral plasma membrane and their failure to accumulate at
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Figure 6 VSV-G-CFP and GPI-YFP are delivered to the basolateral plasma
membrane in the same carriers. Filter-grown MDCK cells were co-
transfected with GPI-YFP and VSV-G-CFP. The cells were then incubated at
40 °C for 4 h, followed by 20 °C for 4 h to accumulate the proteins in the
TGN. When the cells were at 20 °C, they were treated with PI-PLC to remove
all GPI-YFP from the plasma membrane (a). The cells were then shifted to

basolateral surfaces before appearing apically in biochemical
pulse—chase labelling experiments>>33, Relying on the localization of
cholesterol-enriched lipid rafts at both the TGN and apical plasma
membrane®* and the affinity of GPI-anchored proteins for rafts**=,
the model proposes that the GPI-linked proteins segregate into raft-
enriched carriers in the TGN and are then directed separately to the
apical plasma membrane®?0,

The data in this study support an alternative model. Using live-cell
imaging and selective inhibition of apical and basolateral exocytosis,
we found that GPI-anchored proteins (including GPI-YFP, CD59-GFP
and GPI-GL-YFP) are packaged together with basolateral cargo into
TGN-derived carriers that travel to basolateral, rather than apical,
membranes. The carriers are targeted to an area of lateral plasma mem-
brane adjacent to tight junctions that are enriched in the exocyst com-
plex. After fusing with these membranes, the GPI-anchored proteins
are rapidly internalized into transcytotic carriers that are delivered to
apical membranes, while basolateral proteins remain behind. These
findings support a model in which GPI-anchored proteins in polarized
MDCK cells follow an indirect pathway to the apical plasma membrane
(Fig. 8g). An appealing feature of this model is that it provides a way for
cells to utilize GPI-anchored proteins delivered to their plasma mem-
brane for multiple purposes, rather than as an end state.

Indirect targeting of GPI-anchored proteins to the apical plasma
membrane of polarized MDCK cells is consistent with recent findings
in non-polarized cells, showing that GPI-anchored proteins at the
plasma membrane are continuously taken up by a non-clathrin-
dependent pathway and recycled back to the plasma membrane!®17, It
also fits with recent data showing that GPI-GFP proteins in polarized
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20°C--»32°C+TA (45min) 20°C --»32°C+TA (45min)

Xy

20°C - -»32°C +TA (90 min)

32 °C under three different conditions: no tannic acid treatment (b, e), with
tannic acid added basolaterally (c, ), or with tannic acid added apically (d,

g). After 45 min (b—d) or 90 min (e—g) of incubation at 32 °C, the cells were
fixed and prepared for confocal microscopy. The top panels show xz sections
of these cells. The bottom panel shows an xy image of the line shown in the

top panel (xy). Scale bar represents 5.8 um in a-g.

hepatic cells follow an indirect pathway to apical membranes'8. This
raises the possibility that apical sorting of these GPI-anchored proteins
in both kidney and liver cells occurs through a similar mechanism. The
failure of biochemical studies in polarized MDCK cells to identify an
indirect pathway for delivery of GPI-anchored proteins to apical mem-
branes®>33 can be explained by the short period of time these proteins
spend at the basolateral plasma membrane before being endocytosed
and delivered to the apical plasma membrane.

The indirect targeting model provides the first explanation for why
caveolae in polarized MDCK cells are found only on the basolateral,
and not the apical, plasma membrane®’. Caveolae are raft-enriched
plasma membrane invaginations that are thought to be involved in the
internalization of lipid rafts and their associated cargo®®°. In the indi-
rect trafficking model, caveolae could help take up raft-associated, GPI-
anchored, proteins at the basolateral surface into a transcytotic
pathway distinct from the clathrin-mediated, transcytotic, pathway fol-
lowed by polymeric IgR*® 41, This explanation is consistent with our
finding that soon after release from the TGN, the GPI-anchored pro-
teins are located in caveolae-like structures at the basolateral plasma
membrane. It also helps explain why in cells lacking caveolae (for
example, FRT cells), GPI-anchored proteins mis-localize to basolateral
domains*?, as this is what would be expected if caveolae are necessary
but not sufficient*? for transcytosis of the GPI-anchored proteins.

Evidence for the rapid basolateral routing of GPI-anchored proteins
came from our use of a novel method — tannic acid treatment — to
selectively inhibit basolateral and/or apical fusion events. When baso-
lateral exocytosis was inhibited through addition of tannic acid to the
basolateral medium, GPI-YFP molecules exported from the TGN were
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Figure 7 Distribution of GPI-YFP within transcytotic carriers (a—c) Filter-
grown, polarized MDCK cells expressing GPI-YFP were incubated at

20 °C for 4 h to accumulate the chimaera in the TGN. The cells were
warmed to 32 °C with HRP added to the basolateral medium under three
conditions: no tannic acid treatment (a), or with tannic acid added
basolaterally (b) or apically (c). After 45 min of incubation at 32 °C, the
cells were fixed, stained with anti-HRP antibody and optically sectioned
by confocal microscopy. (d) Filter-grown, polarized MDCK cells
expressing GPI-YFP were incubated at 20 °C for 4 h to accumulate the
chimaera in the TGN. The cells were warmed to 32 °C with HRP added to

unable to reach the apical plasma membrane. Instead, they were found
in carriers containing VSV-G-CFP in close proximity to the lateral
plasma membrane adjacent to tight junctions. Importantly, this treat-
ment had no effect on apical delivery of p75-GFP, which has been
reported to follow a direct pathway to apical membranes??. When tan-
nic acid was added selectively to the apical medium, VSV-G-CFP mole-
cules derived from the TGN were readily delivered to the basolateral
surface, but apical delivery of GPI-YFP molecules was inhibited. The
carriers containing GPI-YFP under these conditions were different
from those observed when tannic acid was applied basolaterally — they
did not contain VSV-G—CFP and they could be labelled with basolater-
ally derived endocytic tracer.

The indirect pathway supported by these experiments exhibited sev-
eral properties relevant for understanding the localization of sorting

20°C--»32°C+TA
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the basolateral medium. After 45 min of incubation at 32 °C, the cells
were fixed, immunogold-labelled with an anti-GFP antibody and prepared
for electron microscopy. The basolateral surface with highest gold
labelling is shown in the boxed area, which was near the tight junctional
zone. An enlargement of the boxed area shows a variety of HRP-labelled
endocytic structures, including a clathrin-coated vesicle (arrow) and a
caveolae-like, non-coated structure (arrowhead). HRP and gold particles
(indicative of GPI-YFP labelling) were co-distributed only in the non-
coated endocytic structures. Scale bar represents 5.5 um in a-c, 580 nm
ind, an 200 nm in the inset of d.

and trafficking machinery in polarized cells. First, GPI-YFP and VSV-
G—CFP proteins were not sorted into separate carriers before delivery
to the basolateral plasma membrane, but were found in the same post-
Golgi carriers when basolateral exocytosis was inhibited with tannic
acid. This suggests that the apical and basolateral sorting signals on
these proteins operate after the proteins have been delivered to the
basolateral membrane. A post-plasma-membrane sorting mechanism
is also consistent with other studies!® showing that low-density
lipoprotein receptors (LDLRs) are transported directly from the TGN
to the basolateral surface in cells lacking AP-1B (the adaptor responsi-
ble for basolateral targeting/retention of LDLRs!?).

Second, TGN-derived carriers enriched in GPI-YFP and VSV-G-CFP
did not appear to fuse with the entire basolateral surface, but only with
sites restricted to a region of lateral plasma membrane adjacent to tight
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Figure 8 Transcytosis of GPI-GFP in polarized MDCK cells. (a-d) Filter-
grown MDCK cells were transfected with GPI-YFP and incubated at 4 °C
for 15 min with Cy3 conjugated anti-Myc antibody added to the
basolateral medium. Some filters were fixed immediately (a, b) and others
were washed and shifted to 37 °C for 2 h (c, d) and only then fixed and
prepared for confocal microscopy. xy and xz images reveal that at 4 °C,
antibody binds to the Myc tag of GPI-GFP only at the basolateral surface
of the cells (a, b) while after 2 h at 37 °C, the antibody was transported to
the apical surface of the cells (c, d). (e, f) PI-PLC was added for 1 or 2 h
to the bsolateral surface of filter-grown MDCK cells stably expressing

junctions. This confirms the result of an earlier study, reporting apical
markers near sites of cell-cell contact**, and also supports recent work
in which monitoring of fusion events along basolateral membranes
with total internal reflection microscopy showed that fusion activity
occurred laterally and far from basal surfaces??. Because the plasma
membrane sites at which GPI-YFP- and VSV-G-CFP-containing PGCs
fused are enriched in the exocyst — an evolutionarily conserved pro-
tein complex responsible for exocytosis of constitutive secretory carri-
ers?>* — polarized cells have developed a system for organizing
exocyst components at these specialized cell-surface domains and for
directing TGN-derived carriers to this region.

Third, our data indicate that partitioning into rafts at the TGN is not
the major determinant for apical delivery by a direct, TGN-to-apical-
plasma-membrane, pathway. Consistent with this, recent studies have
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GPI-GFP. After incubation, control and treated cells were washed and
GPI-GFP was harvested from the apical surface into apical medium by PI-
PLC treatment. The medium specimens were then analysed by
SDS-PAGE. Quantification (f) of bands in the western blot (e) stained with
the anti-GFP antiobdy showed a significant decrease of GPI-GFP signal at
the apical surface after a 2-h PI-PLC treatment of the basolateral surface
of the cells. (g) A model illustrating GPI-YFP and VSV-G-CFP trafficking
in polarized MDCK cells and the effects of tannic acid (see Discussion).
PM, plasma membrane; TJ, tight junction. Scale bar represents 28 um in
aandb, and 12 umincand d.

shown that removal of the GPI-anchor from several apical GPI-
anchored proteins does not prevent them from being targeted by a
direct pathway to apical membranes***’, whereas removal of their gly-
cosylation signal(s) results in mis-targeting of the apical proteins to
basolateral membranes*®=48, Thus, it seems that alternative signals (for
example, N- and O-glycosylation) to those that result in partitioning of
a protein into rafts (that is, a GPI-anchor) are necessary for directing a
protein into the direct pathway from the TGN to the apical plasma
membrane®”46-48,

Finally, our finding that export of GPI-anchored proteins from the
TGN is dependent on PKD extends other studies?8, by showing that, in
addition to basolateral cargo, raft-associated proteins trafficking indi-
rectly to apical domains depend on this kinase for TGN export. The
mechanism of such export needs further exploration, but seems to
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involve protein sorting into micron-sized domains of the TGN that are
depleted of Golgi enzymes!*204, O]

METHODS

Cell culture. MDCK, COS-7, HeLa and BHK cells were cultured in DMEM
(Gibco, Invitrogen SRL, Milan, Italy) supplemented with 10% foetal calf serum
(FCS) and 1 mM L-glutamine. HeLa cells expressing PKDK!8N were obtained
from V. Malhotra (La Jolla, CA) and cultured in the same medium containing
G418. Confluent HeLa cell monolayers were locally wounded, and 4 h later cells
migrating into the wound were examined.

Antibodies, DNA and other reagents. The cDNAs of YFP-GL-GPI and VSV-
G3-SP-CFP were kindly provided by K. Simons (Dresden, Germany); the
cDNA of the L294A a-SNAP mutant was from V.R.D. Burgoyne (Liverpool,
UK); the cDNAs of GST-tagged wild-type and mutant PKD were from V.
Malhotra; the cDNA of p75-GFP was from E. Rodriguez-Boulan (New York,
NY); monoclonal antibodies against VSV-G, Myc tag, secondary IgG—-Cy3 con-
jugates, PI-PLC and HRP were from Sigma-Aldrich (Milan, Italy); the poly-
clonal antibody against GFP was from Abcam (Cambridge, UK), monoclonal
and polyclonal antibodies against occludin were from BD Biosciences (San Jose,
USA). The Alexa-488, -546, -633—-IgG conjugates, and TRITC and FITC dex-
trans were from Molecular Probes (Leiden, The Netherlands). The Nanogold
gold—antibody conjugates and the Goldenhance electron microscopy kit were
from Nanoprobes (Stony Brook, NY).

Cell transfection and infection with VSV. Fugene 6 reagent (Roche, IN) or
Lipofectamine 2000 (Invitrogen, CA) were used for cDNA transfections of sub-
confluent cells. Lipofectamine 2000 was used for transfection of tight MDCK
monolayers grown on filters. To produce a cell line stably expressing GPI-YFP,
transfected MDCK cells were grown in DMEM containing 800 ug ml~! G418.

The infection of sub-confluent cells stably expressing GPI-GFP with VSV was
performed as described?’. The infection of MDCK monolayers grown on filters
was performed as previously described®. Briefly, monolayers of MDCK cells
stably expressing GPI-GFP were infected with VSV in the presence of
DEAE—dextran, washed and incubated at 40 °C for 4-5h, and then incubated at
20 °C in the presence of 0.5 ug ml™' PI-PLC to synchronize VSV-G and
GPI-GFP in the Golgi. Next, cells were washed and shifted to 32 °C to monitor
exit of both proteins from the Golgi.

Microinjection. MDCK cells transfected with VSV-G—CFP and GPI-YFP were
maintained at 40 °C overnight, and then at 20 °C for 1.5 h. Cells were then
microinjected with 3.5 mgml™! of the L294A o-SNAP mutant mixed with
TRITC—dextran using an Eppendorf transjector 5246 (Eppendorf, Milan, Italy)
at 20 °C, and further incubated at 20 °C for 30—40 min to ensure binding of the
mutant protein. Cells were then shifted to 32 °C for different times (up to 1 h) to
release both proteins from the Golgi and then fixed.

Tannic acid treatment. Sub-confluent MDCK, HelLa and COS-7 cells were
transfected with VSV-G—CFP and GPI-YFP. After 4 h at 37 °C, to allow the DNA
to be taken up, cells were incubated for 4 h at 40 °C to accumulate VSV-G-CFP
in the endoplasmic reticulum, and then for 2 h at 20 °C to accumulate both
VSV-G-CFP and GPI-YFP in the TGN. The GPI-YFP pool at the plasma mem-
brane was removed by treatment with 0.5 pug ml~! PI-PLC for 30 min during the
course of the 20 °C block, or was selectively bleached at the confocal microscopy
stage. In some cases, cells were observed under the confocal microscope in vivo
at 32 °C. Alternatively, 0.5% tannic acid (Sigma-Aldrich) was added to the
medium 10 min before release from the 20 °C block. Next, tannic-acid-treated
cells and control cells were fixed for confocal microscopy 15 or 45 min after tem-
perature shift to 32 °C. Polarized MDCK cells were grown on Transwell filters
inserts (Corning, NY) for 2-3 days to obtain electrically tight monolayers
(>100 Q cm~2) and then were cotransfected with VSV-G—CFP and GPI-YFP or
transfected with GPI-GFP alone and infected with VSV. Cells were incubated at
40 °C for 4-5h to accumulate VSV-G-FP (or VSV-G) within the endoplasmic
reticulum. Cells were then incubated at 20 °C to accumulate newly synthesized
VSV-G and GPI-FP within the Golgi. GPI-FP was removed from the surface of
the cells by PI-PLC treatment during the course of the 20-°C block. At 10 min
before the temperature shift from 20 °C to 32 °C, tannic acid was added to

either the apical or basolateral medium of Transwell filters inserts, and tannic
acid-treated and control cells were fixed 30, 60 or 120 min later and examined by
confocal microscopy.

Similar experiments were performed with filter-grown MDCK cells trans-
fected with only one of the fusion proteins: CD59-FP, VSV-G-FP, GPI-FP or
p75-FP. At the end of the 20-°C block release and tannic acid treatment, these
cells were fixed and stained with an anti-occludin antibody to observe the bor-
der between the apical and basolateral surface. In the other set of experiments,
fully polarized MDCK cells were transfected with GPI-FP and the next day were
treated with PI-PLC immediately during incubation at 20 °C for 3 h. Tannic
acid was added to either the apical or basolateral medium 10 min before shifting
the temperature from 20 °C to 32 °C. Simultaneously with this warm-up, HRP
(5 mg ml~!) was added to the basolateral chamber of the filters inserts and cells
were incubated for 30, 60 or 120 min at 32 °C, fixed, and then stained with an
anti-HRP antibody.

Transcytosis assays. Filter-grown MDCK cells transfected with GPI-GFP were
incubated at 4 °C for 15 min with Cy3-conjugated anti-Myc Ab added to the
basolateral medium. Some filters were fixed immediately after 4-°C incubation,
whereas others were washed and shifted to 37 °C for 2 h and only then fixed and
prepared for confocal microscopy to evaluate colocalization of endocytosed
antibody with GFP. Biochemical evaluation of transcytosis was based on the
idea that removal of protein from the basolateral surface will result in a decrease
of its amount at the apical domain of the plasma membrane*!. Therefore, to
remove GPI-GFP from the basolateral surface, tight monolayers of MDCK cells
stably expressing GPI-GFP were incubated with PI-PLC added to the basolat-
eral medium for 1 and 2 h. To detect GPI-GFP signal at the apical surface, cells
were washed and PI-PLC was added to the apical medium (30 min on ice) to
harvest GPI-FP from the apical domain of the plasma membrane. Next, speci-
mens of apical medium from control and treated cells containing cleaved
GPI-FP were subjected to SDS-PAGE and western blotting with an anti-GFP
antibody. Quantification of the GFP signal in blots was performed using NIH
Image software.

Confocal microscopy. Confocal and time-lapse images were obtained using a
Zeiss LSM510 META confocal microscope system (Carl Zeiss, Gottingen,
Germany), as described*. Images of live cells were acquired using a multi-track
setting with line-by-line excitations at 413 nm for CFP and 514 nm for YFP.
Appropriate band filters were used to detect both proteins. Fixed cells labelled
with antibodies and/or fluorescent proteins were optically sectioned into
z-stacks, with the pinhole set to 1 Airy unit. After subtracting background, the
average CFP and YFP fluorescence within individual PGCs was quantified in 20
cells per experiment using LSM510-3.2 software and expressed in arbitrary
units. Quantification of colocalization between endocytosed anti-Myc antibody
and GPI-GFP in polarized MDCK cells was performed in 30-35 cells per exper-
iment using the Colocalization module of LSM510-3.2 software.

Immuno-EM and CVEM analysis. Fixation and immunogold detection of fluo-
rescent proteins for electron microscopy was performed using an anti-GFP anti-
body as described?’. HRP-loaded MDCK cells expressing GPI-YFP were first
incubated with the mixture of 0.5 mg/ml di-aminobenzidine (DAB) and 0.01%
H,0, in 0.1 M Tris-HCI to detect HRP. Next, GPI-YFP was labelled using the
immunogold protocol. After immunolabeling, cells were embedded in Epon-
812 and cut into thin sections. CVEM of cells cotransfected with VSV-G-CFP
and GPI-Myc-YFP was performed as described®’. Briefly, transfected COS-7
cells were grown in Petri dishes with CELLocate coverslips (Mat Tek, Ashland,
MA). After visualization of fluorescent structures by time-lapse confocal
microscopy, cells were fixed, immunolabelled for the Myc tag using the gold-
enhance protocol, embedded in Epon-812, and cut into serial sections. A Philips
Tecnai-12 electron microscope (Philips, Einhoven, The Netherlands) and
ULTRA VIEW CCD digital camera were used to acquire electron microscopy
images.

Note: Supplementary Information is available on the Nature Cell Biology website.
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